Abstract: In a joint project of the EMI and Fuji Heavy Industries Ltd. a method for the modeling of fiber-reinforced plastics was developed, taking into account the manufacturing pro
INTRODUCTION
Injection molded glass fiber-reinforced plastics (GFRP) play an important role as modern lightweight construction materials, used for example for interior or exterior parts in the automotive industry. Those materials combine high-strength glass fibers with a shaping polymer matrix. A suitable distribution of the fiber orientation and the degree of anisotropy within a component can contribute positively to its resistance against deformations. Furthermore, the injection molding process allows for a functional integration and the production of ribbed structures, which lead to an additional stiffness of thin-walled components. Although continuous fiber-reinforced plastics with a selective orientation of the fiber strands can achieve even higher stiffnesses, the use of injection molded plastics is preferred due to lower manufacturing costs and cycle times. On the other hand, high development costs and times have to be considered. Especially the complex distribution of the fibers in injection molded components complicates the prediction of material properties and may require the cost-intensive manufacturing of prototypes. Often numerical simulations are used to predict the material behavior. Injection molding simulations (e.g. using Moldflow) allow for the calculation of fiber distributions, orientations and joint lines whereas structural simulations (e.g. using LS-DYNA) are used to calculate the mechanical behavior of a component. For such a structural simulation material parameters are needed which have to be determined in characterization tests. The consideration of all those results from injection molding and structural simulations as well as from the characterization tests is called »integrative simulation«. As in the conventional approach, the characterization tests are simulated and the material parameters as well as the structural model are validated by comparing stress-strain-and force-displacement-curves. For an integrative simulation, in addition, process-related parameters like fiber orientation and degree of anisotropy are included in the structural model.
Within this study the thorough investigation and modeling of a GFRP, subjected to dynamic loading, are presented by the example of a PPGF30 material, a long glass fiber reinforced thermoplastic (LGFRP). The characterization tests for obtaining the material parameters for modeling the orientation dependent material behavior include tensile tests at different strain rates, as well as tensile-unloading, compression and shear tests on specimens extracted parallel (0°-direction), perpendicular (90°-direction) and in 45°-direction to the main flow direction in the sample plate. When determining the material parameters, the fiber distribution is taken into account by means of an injection molding simulation. This simulation provides information about the orientation state at discrete material points in terms of an orientation tensor. By means of the eigenvalues and the respective eigenvectors of the orientation tensors the degree of anisotropy and the principle fiber direction are defined. Similar to the described approach in [1] several material classes are declared to cover different degrees of anisotropy and for each material class one MAT_108 material card [3] , available in the finite element code LS-DYNA, is generated. Furthermore, the material cards are assigned by means of the keyword ELEMENT_SHELL_COMPOSITE [2] . The calibration of the MAT_108 material cards is based on the results from the dynamic tensile tests at nominal strain rate of 100/s. To model the failure behavior one MAT_ADD_EROSION card is assigned to each MAT_108 material card.
The validation of the parameters is done by comparing the stress-strain-and forcedisplacement-curves of the structural simulation and the experiments. In addition, to evaluate the predictive power of the prepared models and the introduced approach to incorporate process simulation results in the modeling of the mechanical behavior of the PPGF30 material, dynamic three-point bending tests and a structural simulation of these tests are performed using a component with a ribbed structure.
Another crucial aspect within this work is the development of a program to automatically map the injection molding simulation results to appropriate variables in the structural simulation model. This mapping tool not only translates information about the orientation state, but it also enables to overcome the mesh inconsistency between the tetrahedron mesh of the injection molding simulation and the shell mesh of the structural simulation. Furthermore, highresolution CT-scans of selected regions of the sample plate and the component are created to validate the injection molding simulation results.
INTEGRATIVE SIMULATION
As already mentioned the use of injection molded GFRP enables the development of highstrength and very stiff components, but it comes with a complex material behavior. Different fiber orientation distributions, which make it difficult to predict the principle direction and the degree of anisotropy, can arise in various positions in the component. In addition, the outer and inner layers of a thin walled component can show a varying orientation distribution. While the fibers in the outer layers are likely oriented in the flow direction, the fibers in the inner layers are more deviated -in the most extreme case perpendicular to the flow direction. The varying fiber orientation distribution, which results due to the flow of the viscous fiberreinforced plastic melt while injected in the cavity, represents a challenge for the structural simulation, because as one can conclude it is no longer sufficient to simply assume the principal fiber alignment and degree of anisotropy. To fully exploit the advantages of a GFRP the fiber orientation distribution needs to be considered both in the finished component and the sample plate, from which the specimens for the characterization tests are extracted. One way to detect the fiber orientation within a component is to make CT-scans, but the disadvantage of this technique is that the component has to be manufactured first. Alternatively, a process simulation can be performed. By simulating the injection molding process of the GFRP component the filling of the cavity and the orientation state of the final part can be predicted at discrete points. Incorporating quantities from a process simulation in the material modeling and structural simulation is called »integrative simulation«. The methodology of how the integrative simulation is realized in the present work is illustrated in Figure 1 . Centerpiece of this methodology is a mapping-tool which automatically translates the information about the fiber orientation and distribution and which also resolves the mesh inconsistencies caused by different discretizations of the geometry used in the injection molding and in the structural simulation. In order to model different degrees of anisotropy, several material classes are introduced. For each material class, a material card is calibrated, for which the elastic constants are determined using a method described by Advani and Tucker [4] . The plastic parameters, which are the same for all material classes/cards, are identified by an optimization software.
In case of injection molded GFRP the orientation tensor is calculated at discrete material points in the process simulation. Strictly speaking the second order orientation tensor aij is calculated, which can be described as a symmetric 3x3 matrix. In order to visualize aij, its eigenvalues and eigenvectors are generated by performing a principal axis transformation. The eigenvectors display the principal directions of the fiber alignment, while the eigenvalues indicate the fiber orientation distribution, ranging from 0 to 1, in the corresponding direction. The sum of all three eigenvalues is equal to 1. By displaying the eigenvectors and eigenvalues in a Cartesian coordinate system an orientation ellipsoid can be defined (see Figure 2 ).
. → Eigenvectors: Eigenvalues: It is very unlikely that the fibers within one finite volume in the component are aligned in one direction. Instead the fibers are randomly deviated to a greater or lesser extent and lead to varying degrees of anisotropy and hence to varying shapes of the orientation ellipsoid.
BASIC PRINCIPLE OF THE DEVELOPED MAPPING TOOL
The flow-chart describing the mapping tool is shown in Figure 3 . After importing the shell element model, the tetrahedral element model, and the orientation tensors a calculation algorithm is started. Those orientation tensors, introduced by Advani and Tucker, have been determined by an injection molding simulation for the tetrahedral elements. The mapping tool now divides the shell elements into several layers and calculates the space that would be occupied by each layer based on its thickness. Afterwards, the tetrahedral elements corresponding to this space are assigned and averaged orientation tensors are calculated for each layer of the shell elements, taking into account its volume fraction. The eigenvalues (λ1, λ2, λ3) and eigenvectors (e1, e2, e3) of the orientation tensors are determined by a principal axis transformation. It is assumed that only the largest eigenvalue λ1 and its eigenvector e1 are relevant for the calculation of the necessary parameters for the structural simulation composite shell element model. The vector λ1e1 of each layer is now projected onto the shell element in order to eliminate its component normal to the element surface. The rotation angle, which rotates the fiber direction of the local shell element coordinate system in the direction of the projected eigenvector, is directly entered into the composite shell element model. Depending on the length of the projected eigenvector, a material class is assigned to each layer. The number of the corresponding material card is also entered into the composite shell element model. 
DEGREE OF ANISOTROPY
For the definition of the degree of anisotropy, several material classes have to be declared at first. As mentioned before the sum of all three eigenvalues equals 1. In the present study a long fiber reinforced thermoplastic is investigated and the probability of fibers oriented in thickness direction is very low. Therefore, it is assumed that the eigenvectors corresponding to the largest and second largest eigenvalue are mainly aligned parallel to the shell plane. The classification of the degree of anisotropy can simply be done by defining ranges of the largest eigenvalue and each range is represented by a material class. Because the sum of all eigenvalues is 1 and the eigenvalue in the thickness direction is assumed to be 0, the minimum value of the largest eigenvalue is 0.5. In the present study three material classes are defined with the background that a composite made of a GFRP material is parted in two outer layers, two transition layers and one central layer (see Figure 4 ). An example for a range specification of the largest eigenvalue and the assignment of the corresponding material classes is presented in Figure 5 . 
MATERIAL MODELING
Advani and Tucker [4] proposed an approach to calculate the engineering constants of a material with arbitrary fiber distribution by means of the engineering constants in the unidirectional state. However, from the tensile tests one obtains a combined Young's and shear modulus because the fiber distribution in the tested specimens are arbitrary. The approach proposed by Advani and Tucker is therefore reversed. Judging from the injection molding simulation results of the sample plate the central layer is of material class 3 and the outer and transition layers of material class 2. Also from the CT-scans no significant difference between the outer and transition layers can be observed. As an example the CT-scan of a specimen located in the central part of a tensile specimen aligned in 0°-direction is shown in Figure 6 a. The extraction position from the sample plate and the location of the presented CT-scan can be seen in Figure 6 b. It can be observed, that the thickness of the central layer is approximately one fifth of the total thickness. Hence, specifying five layers over the thickness, with each layer having a thickness of one fifth of the total thickness, can be justified. To calculate the Young's and shear moduli for the three specified material classes the Young's moduli and the in-plane shear modulus determined from tensile and shear tests in 0°-and 90°-direction are used.
It is assumed, that the Young's moduli and the in-plane shear modulus are composed as follows:
with η = 0.2. The upper index indicates the material class and the lower index indicates the mainly involved direction of the orthotropic material.
By means of the Young's moduli and the shear modulus from the characterization tests the engineering constants of the uni-directional material is calculated using an optimization algorithm. In the uni-directional state all fibers are aligned in one direction and the largest eigenvalue is λ1 = 1. For material classes 1, 2 and 3 values of λ1 (1) = 0.9, λ1 (2) = 0.7 and λ1 (3) = 0.5 are used. With the normalized moduli of E0° = 3.74 MPa, E90° = 2.05 MPa and G0°/90° = 1 MPa the normalized engineering constants for each defined material class are obtained as shown in For each of the three material classes one MAT_108 material card is created. While the previously calculated engineering constants can be inserted directly for the elastic parameters, further calibrations have to be done to generate the plastic parameters. Hence, a structural simulation model of the tensile test in 0°-, 45°-and 90°-direction at nominal strain rate of 100/s is created. The shell meshes used for the structural simulations and the main alignment of the fibers in each direction are presented in Figure 7 . To account for the fiber orientation distribution, the injection molding simulation result of the sample plate is mapped to the shell mesh of the structural simulation models.
By means of the software LS-OPT by LS-DYNA the plastic parameters are calibrated and the same values are used for all material cards. For this the respective smooth forcedisplacement curves of the tensile tests in 0°-, 45°-, and 90°-direction at a nominal strain rate of 100/s (haul-off speed of 9720 mm/s) are compared to the simulated curves.
During the calibration of the plastic parameters with LS-OPT the elastic parameters for each material class are held constant.
Failure is modeled by assigning one MAT_ADD_EROSION card to each MAT_108 material card, whereby the defined failure criteria are identical for all three MAT_ADD_EROSION cards. The failure parameters are obtained from the tensile tests at a nominal strain rate of 100/s. As failure criteria a value for the maximum stress and maximum strain is inserted. The value for the maximum strain is the average failure strain from the tensile tests at haul-off speed of 9720 mm/s in 90°-direction. The maximum stress is generated by reverse engineering. To prevent the failure of the integration points under compression loading a value of -20 MPa (pressure is negative for tensile) for the minimum pressure is inserted as well. Variable NCS (number of failure conditions to satisfy before failure occurs) is set to 2. In this manner failure occurs if two failure criteria are met, e.g. maximum stress and minimum pressure.
As can be seen in Figure 8 and Figure 9 the force-displacement and stress-strain curves from the tensile tests at haul-off speed of 9720 mm/s in 0°-, 45°-, and 90°-direction can be represented well with the generated elastic and yield parameters. Also, failure can be simulated sufficiently. 
VALIDATION OF THE METHOD
To validate the developed approach comprising the mapping tool, the calculation of engineering constants for various degrees of anisotropy, and the generation of the material cards, three-point bending tests are performed on a component part made of a PPGF30 material. The test set-up on the servo-hydraulic high strain rate testing machine is shown in Figure 10 . For better tracking of the deformation the edges of the components are painted with a white marker. Furthermore, a stop on the left side and on the back is used to align the components and thus to minimize the scatter. Due to the draft angle the outer ribs of the component form a trapezoid and also the thickness of the ribs increases in the direction of the bottom. The trapezoidal shape is considered in the simulation model and the component is aligned accordingly. The simulation model of the three-point bending test is shown in Figure 11 . Here it can be seen, that the ribs are divided in 19 sections, or 19 shell element rows, over the height. To represent the varying thickness of the ribs, the average thickness of each section is assigned to the shell elements within the sections. The generated structural simulation model of the component consists of 8155 shell elements and 8200 nodes and the calculations are performed with LS-DYNA version R7.1.1 revision 88541. The edge length of the elements is approximately 2 mm and fully integrated shell elements (ELFORM = 16) are used. The supports and the fin are represented by surfaces and are defined as rigid bodies. While the supports move upwards, the fin is fixed. The velocity boundary condition assigned to the supports is derived from the velocity of the piston during the test. Between the component and the rigid bodies, a contact is defined, with an assumed static friction value of FS = 0.2, a dynamic friction value of FD = 0.15 and a decay of DC = 0.5. Also a self-contact is defined for the component and the same friction values as mentioned before are assumed.
The force-displacement curves of the five valid tests and the simulation are shown in Figure 12. The progressions of the test curves are similar and only a small scatter can be observed. It is assumed that the large scatter at larger displacements can be explained by different post failure behavior of the component in each test. Due to the oscillations and the fact, that only the front side of the component can be observed it is difficult to trace variations of the force signal to occurring deformations of the part. However, four pictures, which show the deformation of the components at significant incidents during the tests, are selected exemplarily from Test 1. The selected pictures and the associated moment in the forcedisplacement curve (marked as blue rectangles in the diagram) of the experiment and the simulation are presented in Figure 12 . The first picture shows the initial contact between the fin and the part. The total failure of the upper rib right below the fin can be seen in the second picture. After a drop of the force-displacement curve the force increases again. As can be seen in the third picture, this is where the edge between the left transverse and left upper rib strikes the fin. The last picture shows the total failure of the lower rib, but due to the varying post failure behavior in each test this picture is of no significance.
The simulation result agrees well with the experiments regarding the curve progression, the force level and also the deformation behavior and thus the predictive power of the method can be illustrated. However, it should be noted that the simulation result strongly depends on the number of failed integration points prior to element deletion NUMFIP in the MAT_ADD_EROSION card and on the friction values in the contact definitions. For the present simulation the previously mentioned contact friction values are inserted and for NUMFIP a value of -105 (When NUMFIP < -100, elements erode when |NUMFIP|-100 integration points fail. Also, for NUMFIP < -100, the stress at an integration point immediately drops to zero when failure is detected at that integration point) is applied.
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Figure 12: Simulated and experimentally determined force-displacement curves from the dynamic three-point bending tests and pictures of significant incidents during the test and simulation.
FIBER ANALYSIS BASED ON CT-SCANS
To further improve the results of an integrative simulation, the injection molding simulation results have to be validated. For this, the fiber orientation in the real material has to be determined via CT-scans and a fiber analysis. Such a fiber analysis was done using the software VGStudio MAX 2.2. The exemplary result of a fiber analysis of the investigated PPGF30 material is shown in Figure 13 together with the fiber orientations determined from the injection molding simulation. On the bottom, cross sectional views of the material with thickness t are shown. The different colors in the middle layer of the cross sectional view of the fiber analysis indicate a different orientation of the fibers in this layer compared to the outer layers. Sectional views through the middle layer (A) and the outer layer (B) confirm this result: The fibers in the outer layer are oriented mainly in flow direction (0°), whereas in the middle layer the fibers are deflected from the flow direction by angles between 40°-60°. The same can be seen in the results from the injection molding simulation. However, the deflection of the fibers in the middle layer is much lower (10°-15°) than in the real material. 
IMPACT OF CONSIDERUNG THE DEGREE OF ANISOTROPY
In the presented methodology of an integrative simulation the degree of anisotropy is considered in a gradual manner by defining several material classes, each covering different ranges of the greatest eigenvalue. But considering the degree of anisotropy in this way is a rather time consuming approach, because for each material class, one set of parameters has to be calibrated iteratively using the software LS-OPT. Due to this fact it is reasonable to ask about the advantages of considering the degree of anisotropy compared to less complex modelling approaches. To answer this, the effect of considering the degree of anisotropy was further investigated by performing two additional simulations of the dynamic three-point bending test. In the first simulation only the fiber orientation was considered. Furthermore, the values for the elastic and plastic parameters in the longitudinal and transversal material direction are derived solely from the dynamic tensile tests in 0°-and 90°-direction, respectively. In the second simulation an isotropic material behavior was used. For both simulations all other parameters, e.g. friction values, are adopted from the structural simulation model presented in section 6.
In Figure 14 the simulation considering only the fiber direction, and in Figure 15 the simulation using an isotropic material behavior is compared to the experiment and the simulation considering the degree of anisotropy. Regarding the initial curve progression and the force level, both simulations show equally good agreement with the experiment. But in contrast to the experiment in the simulation considering only the fiber orientation the upper part of the bottom wall remains intact longer. In addition, the upper rib is not bent. For this reason the force increases significantly and the total failure occurs much earlier than in the experiments. The same can be observed in the simulation using an isotropic material behavior. Here the upper part of the bottom wall fails in a larger region, but the edge between the upper and bottom wall is not impressed. Latter can be observed in all other simulations and the experiment.
In conclusion the simulation considering the degree of anisotropy shows the best agreement with the experiment throughout the entire length of the test, regarding the curve progres- sion, the force level and the deformation behavior. When considering only the fiber orientation or using an isotropic material behavior, the deformation behavior cannot be represented well and in the present study failure occurs too early. However, regarding the curve progression and force level only, the simulations show comparable good results.
CONCLUSIONS
 The mechanical behavior of a long fiber reinforced thermoplastic material is characterized and modeled in detail by taking into account the fiber orientation distribution within the material  For this purpose, the fiber distribution is thoroughly investigated by performing injection molding simulations and CT-scans of a ribbed component and a sample plate, from which the specimens for the characterization tests are extracted. Together with the results of injection molding simulations, characterization tests and additional structural simulations of the characterization tests, parameters for the material modeling are identified.
 In the present study this approach, also known as integrative simulation, is shown by means of a PPGF30 material, a long glass fiber reinforced thermoplastic. But it should be generally applicable for all long fiber reinforced plastics.
 The characterization of the orientation dependent material behavior includes tensile tests at different strain rates as well as tensile-unloading, compression and shear tests in 0°-, 45°-, and 90°-direction  Injection molding simulations of the sample plate and the component have been carried out and provide information about the fiber orientation state in terms of the second order orientation tensor  The largest eigenvalue of the orientation tensor is a measure for the degree of anisotropy and the associated eigenvector delivers the principle fiber direction. The classification of the degree of anisotropy is made in terms of several material classes, which cover different ranges of the largest eigenvalue. For each material class one MAT_108 material card is defined. The determination of the material parameters is done in two steps. At first the elastic parameters are calculated by means of an optimization algorithm. The underlying equation is derived from an approach proposed by Advani and Tucker to calculate the engineering constants of a material with arbitrary fiber distribution by means of the engineering constants in the uni-directional state. In a second step a structural simulation model of the tensile tests at haul-off speed of 9720 mm/s in 0°-, 45°-, and 90°-direction is created.
 In order to also account for the fiber orientation state in the material a mapping tool is developed, which automatically calculates quantities from the injection molding simulation results and integrates them in the structural simulation model. With this mapping tool the fiber orientation and the material card is specified for each layer of the shell element meshes of the tensile specimens with the keyword ELEMENT_SHELL_COMPOSITE in LS-DYNA.
 The calibration of the plastic material parameters is carried out using the software LS-OPT. In addition, the failure behavior is modeled by assigning one MAT_ADD_EROSION card to each MAT_108 material card. The failure parameters are generated by reverse engineering.
 With the elastic, plastic and failure parameters obtained in this way the forcedisplacement and stress-strain curves of the tensile tests at haul-off speed of 9720 mm/s can be represented well in 0°-, 45°-, and 90°-direction.
 For further validation of the mapping tool and the generated material parameters dynamic three-point bending tests are performed on a ribbed component. Judging from the forcedisplacement curves and the analysis of the deformation of the component the experiments can be represented well by the generated structural simulation model.
 CT-scans are made from selected areas of the sample plate and the component. Based on the data obtained from these CT-scans fiber analyses are performed and serve as validation of the injection molding simulation results.
 The impact of considering the degree of anisotropy was investigated in detail and a comparison with a simulation considering only the fiber orientation and a simulation using an isotropic material behavior was made. The simulation considering the degree of anisotropy showed the best agreement with the experiment throughout the entire length of the test, regarding the curve progression, the force level and the deformation behavior. The other two simulations could not represent the deformation behavior well, but regarding the curve progression and force level, comparable good results can be shown.
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